Rapid-solidified ferromagnetic shape memory Fe-30.2 at. %Pd alloy ribbon has a large magnetostriction more than 1:0 Â 10 À3 (¼ 1000 -strain). This type of magnetostriction is caused by the re-arrangements of martensitic twins (i.e., variants) by the applied magnetic field, therefore, it is generally very sensitive to the crystalline texture and twin's morphology of material. In order to develop a more high performance magnetostrictive actuator material driven by smaller magnetic field, the effect of grain and twin boundary microstructures on megnetostriction was studied by changing the condition of heat treatments. For the sample with strongly (100) textured grains after oil-bath quenching, a steep increment and large strain of 0:7 Â 10 À3 was induced at a fairly low magnetic field of 35 k AÁm À1 (¼ 1:5 kOe) when the magnetic field was applied normal to the ribbon surface. On the other hand, for the sample with randomly oriented grains and excessive existence of twin boundaries by ice-water quenching after long time annealing, the induced strain was initially small and then it gradually increased up to 0:6 Â 10 À3 at 70 k AÁm À1 . This difference of sensitivity in magnetostriction behavior is discussed from the viewpoint of magnetic domain mobility in connection with grain and twin boundary microstructures.
Introduction
It becomes necessary in the fields of micromachines and intelligent/smart materials technologies to develop a new type of actuator material that has the potentiality of larger deflection, higher response speed and precise controllability etc. Piezoelectric (PZT) actuator material widely used in recent years has the merit of high response speed, however, it has the week point of very small deflection. On the other hand, the conventional shape memory alloy (SMA) can exhibit a few percent recoverable strain by thermoelastic phase transformation, however, a disadvantage of SMA actuators is their slow response speed (maximum 5$10 Hz) due to thermal control, especially, in cooling process and its poor thermal energy conversion. To this problem, Ullako et al. 1) recently proposed a ferromagnetic SMA (FSMA) having the possibility of rapid actuation as well as large striction in Heusler type NiMnGa alloy. Magnetically induced twin variants grow and they are re-arranged along the favorable orientation to the external magnetic field in FSMA actuator material. In our previous study, 2) the rapidly solidified Fe-29.8 at %Pd alloy foil was developed as iron-based ferromagnetic SMA. Especially, in the sample with an enhanced (100) grain texture which was made under the condition of roll-speed = 28.3 m/s and following heat treatment at 1173 K for 1 h, magnetostriction showed the largest strain with increasing temperature up to 1750 microstrain at H ¼ 2:32 Â 10 5 AÁm À1 (¼ 10 kOe) at 423 K of just below the inverse phase transformation temperature of 445 K. In consequence, it was suggested in our previous paper 2) that both shape memory effect and magnetostriction can be enhanced by the formation of this unique microstructure which is characterized by strong crystal (100) anisotropy by fine columnar grain as well as high frequency low energy (small AE-value) grain boundaries. However, the mechanism of magnetically induced striction in FSMA have not always been made clear in detail from material science and micromechanics viewpoint, that is to say, much more discussions will become necessary especially from the viewpoints of martensite twin morphology in a grain, i.e., correlation between grain boundary characteristic distribution (GBCD) and variant mobility for the interface movement of austenite/ martensite phase during magnetization.
Based on above-mentioned reason to make more clear the optimum martensite variant morphology and to develop a more high performance magnetostrictive actuator material, the effect of metallurgical microstructures on megnetostriction is investigated in more detail by changing the condition of heat treatments to control the grain boundary (GB) microstructure. Especially, in the present paper, grain texture and twin morphology were controlled by changing the quenching process, i.e., water-quenching or oil-bath quenching immediately after annealing for re-crystallization. Metallurgical microstructure of each sample was analyzed from the view point of grain boundary character distribution (GBCD) concept by using SEM/EBSP for particularly characterizing the existence frequency of twin boundaries of martensite. The difference of the response of magnetically induced striction behaviors was discussed between two samples. One is oilbath quenched sample of intermediate cooling rate with strong (100) textured grains and moderate frequency of low energy grain boundaries. Another is the long time annealed and ice-water quenched sample with excessive high frequency of twin boundaries and randomly oriented grains. The former sample showed a steep increment and larger magnetostriction at the low magnetization level. This result will suggest that it will become more essential to control the interface morphology of martensite twin, i.e., variant itself in more microscopic field to get higher performance FSMA in the near future.
Experimental Procedures

Sample preparation
The alloy composition of raw material was Fe-30.2 at %Pd because the inverse phase transformation temperatures of A s , A f points seem to be near the room temperature and the phase transformation has the possibility of more simple two step type from bcc to fcc rather than that of the former Fe-29.6 at %Pd alloy. The test sample of thin foils were made from ark-melted ingot by using electromagnetic nozzleless melt-spinning method shown in Fig. 1 .
3) The samples whose width and thickness were 15 mm and 60 mm respectively, were made under the same processing condition of roll-speed 28.3 m/s in argon atmosphere, then, small test pieces of 8 mm width and 20 mm length were made by spark cutting machine. These samples were then annealed in vacuum condition of 10 À3 Pa for from 0.5 to 100 h in the quartz pipe and then the samples were quenched into ice water or oil bath to change the microscopic twins and grain morphology by changing the cooling rate after annealing. The surfaces of samples were electropolished for analyzing the microstructures by SEM electro-backscattering pattern (SEM/EBSP).
Material evaluation
The crystal anisotropy and grain boundary character distribution (GBCD) were measured by using SEM-EBSP to investigate the effect of crystal arrangements as well as grain boundary structures on the performance of this ferromagnetic sensor/actuator material. The magnetostrictive strain was measured by non-magnetic electric straingage attached on the surface of sample which was set between the two electromagnetic coils. The strain was measured parallel to the rolling direction (RD) of the produced thin and flat ribbon specimen. The absolute value of the measured magnetostriction by strain gage was plotted and discussed since our main interest in this study is the dependency of the crystalline and twin microstructures on the strength of a magnetically induced strain. The dead weight stress of 10 MPa was loaded at the lowest end-point of specimen to enhance the twin mobility and magnetostriction by activating the re-arrangement of martensite twins along a loading direction. The striction by magnetic shape memory effect in Fe-Pd alloy depends on the environmental temperature because this alloy shows innate thermoelastic phase transformation, therefore, the magnetostriction measurements were also conducted in constant-temperature controllable furnace which was set between the two concentric coils.
Results and Discussion
Grain boundary character distribution
Mean grain sizes and GBCD in Fe-30.2 at %Pd alloy samples which were processed by as-spun, oil or water quenching after annealing are shown in Table 1 . It can be noticed that average grain size in as-spun sample with a diameter of 1.7 mm is the smallest. The frequency of # coincidence grain boundary 24% in as-spun sample is about two times higher than that of the randomly oriented polycrystalline material with 13.5% which is obtained theoretically for powder material. 4, 5) This higher frequency in as-spun sample is thought to be resulted from the unique columnar grains as well as stress-induced twins at the surface of rotating rolls during melt-spinning. GBCD changed by the cooling rate, that is to say, AE3 grain boundary increased remarkably as the cooling rate in quenching increased. Rapidly cooled samples of 0.5 WQ, 24 WQ, 100 WQ which were directly cooled by ice-water showed very high frequency of AE3 grain boundary from 53 to 55%. Figure 2 shows the GBCD and the pole figures in oilquenched (1273 K, 0.5 h, OQ at 523 K) sample. Figure 3 shows the same case of water-quenched (1273 K, 100 h, WQ) sample. From these figures, it can be found that the existence Fig. 1 Schematic figure of the construction of the proposed electromagnetically controlled nozzleless rapid solidification method to produce the fine-grain textured sensor/actuator materials. frequency of AE3 coincidence boundary is apt to dramatically increase and the orientation of each grain is apt to scatter into random distribution as the annealing time and cooling speed during quenching increase as shown in ice-water quenching case. These fact indicates that it becomes possible for us to control the characteristics of twin boundary, i.e., the existence of AE3 coincidence boundary, to get optimum domain morphology for a better sensor/actuator performance.
Magnetically induced martensite strain
The magnetically induced strain and its changes with increasing external magnetic field in two typical samples are shown in Fig. 4 (oil-quenched) and in Fig. 5 (waterquenched) respectively. The magnetostriction (") versus magnetic field (H) curves of both samples changed depending on H. means the angle between a normal direction from the specimen surface and applied magnetic field direction as shown schematically in the left upper corner of Fig. 4 . As mentioned below, it was noticed from the data in these two figures that the magnetostriction curve was changed very sensitively depending on a magnetization angle and a maximum striction was usually obtained at near the normal direction ( ¼ 90 ) to the ribbon surface. Moreover, a phenomenon of inverse value of magnetostriction was a little often observed in the range of = 90 magnetization and this change occurred very delicately depending on the angle of . However, since our main interest in this study is the dependency of the crystalline and twin microstructures on the strength of a magnetically induced strain in the ribbon sample, the absolute value of the measured magnetostriction by strain gage is discussed here. These tendencies of versus magnetostriction will be discussed below from a viewpoint of a possible unique three-dimensionally distorted texture and internal residual stress which are possibly existing in the ribbon sample.
As shown in Fig. 4 and Fig. 5 , the maximum magnetostriction reached to about " ¼ 400$600 strain at 40$60 k AÁm À1 at the low magnetic field and this value is 10$100 times larger than those of conventional ferromagnetic Fe-based Fe-Al etc. magnetostrictive materials. The maximum strain direction ¼ 90 was nearly the (100) axis of columnar grains formed along the thickness direction of the ribbon sample. This tremendous magnetostrtiction is a typical feature of FSMA due to the marrtensite twin movement. As for the curve showing the relationship between strain " and applied magnetic field strength H, it was found in the oil-quenched sample that an abrupt increases of strain were clearly observed at the initial and weak magnetic filed as shown in Fig. 4 , then, the magnetic strain level reached up to 750 strain at a fairly small magnetic field of 35 k AÁm À1 (¼ 1:5 kOe). On the other hand, in the long-annealed and following water-quenched sample (see, Fig. 3 ) which had the highest existence of AE3 coincidence boundary as well as randomly oriented grains, the manetostriction gradually increased as shown in Fig. 5 . In this case, we can not find out a steep increment and abrupt increase of strain at the initial stage of low magnetization field.
Next, the reason of these distinct differences of magnetic response in the Fe-Pd sample is discussed. In this case of a (100) plane textured sample (see, Fig. 2) , the magnetization is easily progressed from initial stage of weak magnetic field due to the strong crystalline magnetic anisotropy effect, easy magnetization and following its saturation by high permeability of iron-based Fe-Pd alloy. In this case, magnetostriction associated with conventional magnetic domain rotation mechanism may cause the internal stress accumulation especially at the grain or twin boundary region. This internal stress will cause the secondarily stress-induced martensite domains and their re-arrangements. This might be a main factor for steep increment and abrupt jumping at initial stage in Fig. 4 . On the other hand, in the waterquenched sample having excessive high frequency twin boundaries and randomly distributed grains, each magnetic domain movement, i.e., local magnetization progress, differs from each other in the grains. Furthermore, excessive twin existence is apt to work as the obstacle against magnetic domain mobility, which will act to suppress the magnetization (i.e., permeability). Then, the externally applied magnetic energy (H) will work very gradually on the twin mobility during whole magnetization process.
From these results and discussions, the feature having strong (100) texture in fine columnar grains with low frequency of AE boundary seems most suitable to develop a high sensitive magnetic sensor/actuator for engineering application.
Finally, the unique feature showing a very sensitive behavior of magnetostriction depending on the angle is discussed. It is thought to be caused mainly by the strongly formed (100) grain texture toward the thickness direction, that is to say, the maximum magnetostriction can be obtained in the case that the direction of crystalline axis (100) of columnar grains becomes an agreement with an external magnetization direction. Secondarily, a microscopic three dimensional deviation of the structure of arrangement of variant within each columnar grain will be correlated with this angular dependency and compressive striction. Furthermore, an internal residual tensile (þ) or a compressive (À) stress distribution effect in the cross-section of ribbon sample introduced by rapid-solidification process and the residual magnetic domain during inverse magnetization process might be related with this reversal phenomena as a bias magnetic effect. To this problem, much more experimental verifications and discussions should be necessary for more understanding this unique phenomenon in melt-spun FePd ribbon material. In consequence, a further basic and micromechanical study relating with dynamic interaction between twins and magnetic domains seems necessary to understand the mechanism of magnetic martensite striction in a ferromagnetic shape memory alloy (FSMA) as one of the new field of solid-state actuators.
Conclusions
Martensitic twins' initiations and the following its movements depending on magnetic field are thought to be closely related with the magnetostrictive phenomenon in the new type of ferromagnetic shape memory actuator material. Therefore, this phenomenon will be strongly affected by metallurgical microstructures, especially the morphologies of grain boundary as well as martensite twin etc. In the present study, a Fe-30.2 at %Pd alloy was rapidly solidified into ribbons and followed by different heat treatments to control the grain boundary (GB) microstructures. It was found that the GB structures and the existence frequency of twin boundaries could be controlled by changing the cooling rate after annealing by using oil-bath or ice-water quenching. For the sample with strong (100) textured grains with low energy boundaries, i.e., low value of AE by oil-bath quenching, a large increment to 700 -strain was abruptly induced by a fairly small magnetic field of 35 k AÁm À1 (¼ 1:5 kOe). On the other hand, for the sample having the excessive high frequency of AE3 type twin boundaries and randomly oriented grains by ice-water quenching after long time annealing, the induced strain was initially small and then it gradually increased up to 600 -strain at 70 k AÁm À1 with increasing the magnetic field. However, such a steep increase of striction at the low magnetic field could not be observed in the latter sample. This result will suggest that an excessive martensite twins does not always work on enhancing magetostriction and therefore it will become more essential that one should analyze and then control the interface morphology of martensite twin, i.e., variant itself in more microscopic field to get higher performance FSMA in the near future.
